A fundamental property of a material is the measure of its deformation under applied stress. After studying the mechanical properties of bulk materials for the past several centuries, with the discovery of graphene and other two-dimensional materials, we are now poised to study the mechanical properties of single atom thick materials at the nanoscale. Despite a large number of theoretical investigations of the mechanical properties and rippling of single layer graphene, direct controlled experimental measurements of the same have been limited, due in part to the difficulty of engineering reproducible ripples such that relevant physical parameters like wavelength, amplitude, sheet length and curvature can be systematically varied. Here we report extreme (>10%) strain engineering of monolayer graphene by a novel technique of draping it over large Cu step edges. Nanoscale periodic ripples are formed as graphene is pinned and pulled by substrate contact forces. We use a scanning tunneling microscope to study these ripples to find that classical scaling laws fail to explain their shape. Unlike a classical fabric that forms sinusoidal ripples in the transverse direction when stressed in the longitudinal direction, graphene forms triangular ripples, where bending is limited to a narrow region on the order of unit cell dimensions at the apex of each ripple. This non-classical bending profile results in graphene behaving like a bizarre fabric, which regardless of how it is pulled, always buckles at the same angle. Using a phenomenological model, we argue that our observations can be accounted for by assuming that unlike a thin classical fabric, graphene undergoes significant stretching when bent. Our results provide insights into the atomic-scale bending mechanisms of 2D materials under traditionally inaccessible strain magnitudes and demonstrate a path forward for their strain engineering.
: Rippling in Classical Fabrics: (a) Applying tensile stress to a fabric in the longitudinal direction (x) results in a Poisson compression in the transverse direction (y), creating ripples. The shape of ripples in a classical fabric is determined by the balance of energy contribution from two deformations: the stretching in the longitudinal direction (with corresponding energy cost ) and bending in the transverse direction (with corresponding energy cost ). (b) Plastic wrap spread over two concentric cylinders, with taller inner cylinder, also yields such tension ripples. As strain γ is kept constant, ripple wavelength λ and sheet length L follow a scaling law ~2, as derived in Equation 5 of the text. In the figure, ripples on the right have smaller wavelength (red) and amplitude than those on the left. But to stabilize the larger ripples, the left ripples must run diagonally, increasing the effective sheet length L (blue).
Ripples in graphene are observed quite commonly and are also necessary for the stability of 2D materials [29] [30] [31] . However, development of a thorough formalism of 2D material deformation at the nanoscale, equivalent to that for classical fabrics, has been hindered due to the difficulty of creating reproducible nanoscale ripples such that physically relevant parameters like wavelength, amplitude, sheet length and curvature can be systematically varied and measured over a large parameter space. Instead, experimental studies have typically relied on the good fortune of finding wrinkles in 2D materials 12, [14] [15] [16] [17] [18] [19] [20] . Though it is possible to induce controlled strain by patterning substrates [21] [22] [23] [24] , this approach tends to create wrinkles with deformation length scales much larger than the lattice spacing. Though measurable strains exceeding 2% in 2D materials have been achieved recently in large samples by macroscopic mechanical engineering [25] [26] [27] , atomic scale distortions have not been imaged in these systems. Here we investigate the nature of nanoscale ripples in graphene by scanning tunneling microscopy (STM) to test the applicability of classical theories in the discrete atomic limit and understand how it falls inadequate. Our observations can be explained well if unlike a thin classical fabric, graphene undergoes significant stretching when bent creating non-classical ripple shapes.
The deformation of a thin sheet was described by Lord Rayleigh in his book Theory of Sound 28 . There are two ways a uniform isotropic thin sheet can deform: by out of plane bending and by in-plane stretching. When a sheet of thickness t bends with a radius of curvature R, then the strain varies through its thickness as ~ / where z is the axis normal to the sheet surface. Hence the energy density due to bending ~ ∫ 2 ~ 3 . Similarly, the energy density due to a uniform stretch is ~ ∫ 2 ~ . Then the total energy U due to deformation is ~ 3 (Bending) + (Stretching) (1) As the deformation should be such that the energy cost is minimized, Rayleigh remarked that 'when the thickness is diminished without limit, the actual displacement will be one of pure bending' 28 . The scaling laws relating the wavelength, sheet length and strain magnitude for a classical rippled sheet were deduced by Cerda and Mahadevan 11 . As a sheet under tension in the longitudinal direction ripples in the transverse direction, the shape of ripples is determined by balancing the energy contributions from these two deformations ( Fig. 1a ). If we consider a sheet of thickness t, length L and Young's modulus E rippling under applied tension per unit length T, it results in a longitudinal strain = . The energy due to this longitudinal extension integrated over a wavelength λ of the ripples is st~∫ � � 2 , analogous to the energy stored in a stretched string. This leads to an energy associated with longitudinal stretching
where A is the ripple amplitude. On the other hand, the bending energy of a ripple is
The curvature of the sheet as it ripples is approximately 2 , making the bending energy integrated over a ripple wavelength to be
Equations 2 & 3 imply that tries to reduce the wavelength λ while tries to increase it. The ultimate shape of the ripples results from a balance between these two energies,
which gives us a scaling law relating the wavelength, strain, sheet length and thickness:
as also derived by Cerda and Mahadevan 11 . The scaling law implies that for a sheet under constant strain, the sheet length L varies as 2 . An example of this is illustrated in Fig. 1b , where the ripples on the left have a larger wavelength and amplitude than those on the right, but to accommodate the larger ripples, the sheet must drape down diagonally, effectively increasing the sheet length.
For most STM studies of graphene an atomically flat substrate is desired in order to facilitate the growth of large grains and to ease scanning. However, to encourage the rippling of graphene in our study, graphene is grown via low pressure chemical vapor deposition at high temperature (1020°C) on an electropolished Cu substrate (See Supplement Sec. 1). Under these growth conditions, several studies have investigated the process of step bunching whereby the growth of graphene promotes the migration of smaller Cu steps to bunch together to form large step heights 32,33 . Step bunching leads to the formation of large steps up to 35 nm tall ( Fig. 2a ). It is these sites, where graphene is draped over large step heights, that we use to investigate rippling in graphene. The monolayer nature of the graphene in these systems data is obtained at temperature T = 80 K and unfiltered, unless otherwise noted). The graphene drapes over step edges. (b) A closer look at a step edge (Iset = 80pA, Vs = 0.1 V) reveals ridges, highly commensurate above and below the step. The draped region is adorned with ripples. (c) Atomic resolution imaging of a ridged terrace, with darker regions in contact with and lighter regions elevated above the substrate (Iset = 120pA, Vs = 0.15 V, Fourier filtered to enhance atomic contrast). (d) FFT of atomic resolution topography from an unstrained graphene lattice. Peaks (marked by white dashed circles for clarity) are equidistant from the center (as grey dotted circle). (e) Topographic FFT from the draped region (grey box in (b)) shows superlattice components (blue circles) and lattice distortion due to strain. Measuring deviation from the unstrained positions (grey circle) yields strains of 1) 10.3%, 2) 6.8% and 3) -3.3%. Scalebars here and in (d) are 5 nm -1 . (f) Analogous to corners of a draped tablecloth, high curvature regions are associated with higher ripple density (and smaller ripple wavelength) as highlighted in topographic profile (g), extracted along the blue line (Iset = 170pA, Vs = 0.12 V). is shown by Raman spectroscopy (Supplement Sec. 1) and further confirmed by the fact that no Moiré pattern was ever observed by STM.
In Fig. 2b two distinct types of deformations are observed: one is found at the Cu steps, which will be referred to as ripples; the other type is found on the flat Cu regions, which will be referred to as ridges. As the system is cooled from 1020°C, graphene expands due to its negative coefficient of thermal expansion, and Cu shrinks. This creates strain in the system and causes buckling of the graphene on flat Cu regions while also stretching the draped graphene over a step, analogous to an elastic sheet getting stretched and forming ripples. Figure 2c images one of the graphene ridges. The ridges are found to be commensurate above and below a step and to terminate at the crests and troughs of a ripple indicating an interaction between the two. The ridges may act as nucleation sites for the buckling of graphene, initiating the formation ripples over the step.
We estimate strain in our system by comparing Fourier transforms of atomic resolution images taken on the draped and flat regions ( Fig. 2e, d ). The graphene lattice on an unstrained flat region ( Fig.  2d ) is characterized by a hexagonal pattern with peaks marked by white dashed circles, equidistant from the center, indicating an unstrained system. Graphene imaged on the draped region ( Fig. 2e ) yields a distorted hexagonal lattice, in addition to superlattice peaks (marked in blue). The ratio of lattice constants from these two regions (both imaged with the same tip to eliminate systematic differences due to calibration) suggests a strain of over 10%. We also note that such superlattice periodicities (marked by blue circles in Fig. 2e ) in strained graphene were also observed by Ziatdinov et al 34 .
When analyzing ripples in the draped regions we observe ( Fig. 2f , g) that they occur preferentially in regions of higher step edge curvature. This is analogous to the classical case of ripples forming at the corners of a tablecloth, a result of having more expendable material at that location. In Fig. 3 we present measurements of their wavelength, amplitude, and sheet length. The wide variation of parameters from more than two hundred independent measurements across multiple steps, enables us to explore a large parameter space. This, in turn, allows us to avoid the necessity of estimating experimentally unmeasured quantities like the effective thickness of the graphene sheet and its Poisson's ratio at the nanoscale 10, 12 , and instead look for scaling relationships to directly test classical laws. Fig. 3c shows that contrary to a sinusoidal profile of ripples observed in a classical fabric, ripples in graphene observed on the draped regions have a triangular shape. More interestingly, all ripples have the same bending angle at the vertex, regardless of their wavelength ( Fig. 3d ), step height or curvature. The measured angle of 163 (±3°) is consistent not only across order of magnitude variations in wavelength, amplitude, and step height for which we have measured, but also in studies from different groups on different graphene systems. For example, Tapaszto et al. 10 and Bai et al. 12 created nanoscale ripples in graphene on Cu substrates, and from their reported data we calculate a bending angle consistent with ours. A detailed comparison of our observations with other published results is provided in Supplementary section 4.
A conserved bending angle at the vertex of a triangular ripple implies that the ripple's wavelength is proportional to its amplitude. If we consider the classical theory of rippling, such a situation can arise for ripples with uniform strain. As an unstretched sheet of width gets stretched to a width ′ in forming a ripple with amplitude (z-distance from ripples's crest to base) A, then, as �
≪ . Thus, the strain = = 2 2 2 . A more rigorous proof of ~√ was also provided by Cerda and Mahadevan 11 . However, if the ~ triangular ripples we observe are uniformly strained classical ripples, then theory predicts a scaling relation between sheet length L and wavelength λ of ∝ 2 , as derived in Equation 5 . We test this prediction directly by measuring sheet length L and wavelength λ of ripples. Fig. 3a displays two regions on the same step where measurements were taken. For these two regions, the local ripple wavelengths, shown in Fig. 3c along the ripple direction A2 and B2 , differ by a factor of 2 ( ≈ 2 ) while the sheet lengths ( Fig.3b ) are nearly identical, ≈ in strong contrast with the classical prediction of ≈ 4 (from Equation 5). In Fig. 3e we compare the sheet length L and wavelength λ of several ripples observed on three different step edges, to demonstrate the lack of any clear correlation between the two variables. The disagreement between classical theories of rippling and the measured quantities (λ and L) presented here imply that classical theories are not valid for nanoscale ripples in graphene.
To explain the origin of the non-classical shape of the ripples, we restate our three main observations: (i) ripples in graphene are triangular in shape, as opposed to sinusoidal as observed in a classical sheet ( Fig. 3c ), (ii) all ripples are observed to have the same vertex angle (measuring 163°(±3°)), implying that graphene always bends the same way, irrespective of boundary conditions (Fig. 3d ), and (iii) there is no apparent relation between wavelength λ and sheet length L (Fig. 3e ). The derivation of the classical theory of rippling of thin sheets neglects any transverse in-plane stretching as the sheet bends, following Rayleigh's statement. However, if graphene stretches significantly when bent (Fig. 4a ), then the energy considerations we presented earlier for the classical fabric must be modified. In particular, the bending energy will be accompanied by an extra "stretching due to bending" energy contribution :
This new energy contribution ( ) results in a transverse stretching strain over the bent region. If graphene bends with a radius of curvature R at the crests and troughs (Fig. 4b) , with the bent region (colored yellow in Fig. 4b ) subtending an angle at the center of the circle, then the bending energy is
, as the bending region has an arclength of . The resultant stretching energy coming from this bending is ~ 2 ( ) , where for simplicity we have assumed to be spatially uniform in the stretched region. The energy cost due to bending tries to increase the radius of curvature, but the associated stretching term penalizes bending with large radii of curvatures. The final radius of curvature is then determined by the balance of these two competing energy scales.
This simple phenomenological model can well explain our three key observations we made earlier for the ripples. First, having an optimal bending radius means graphene should always bend the same way, irrespective of the boundary conditions, as we have observed. While equation 6 implies the existence of an optimal bending radius, an accurate value of R is difficult to calculate from it as it involves the effective thickness t of the graphene sheet, estimation of which varies widely in literature 9 . Instead, we measure the bending radius directly (in Supplementary sec. 5) to be = 0.8 nm. To minimize the total energy, we choose the arclength of the bent region to be the smallest length scale over which graphene can deform (0.25 nm, graphene lattice constant), to get = 0.25 0.8 = 0.3 rad = 17°. The calculated rippling angle = 180°− = 163° is consistent with our observed 163°(±3°) (in Fig. 3d ). Second, this consistency suggests that the bending and transverse stretching of graphene is limited to a very small region -of the order of graphene unit cell dimensions -instead being distributed as a smaller stretch across all bonds, as happens while bending a thick classical plate. Thus we expect triangular ripples, as observed. Finally, from equation 6, the bending radius R is also independent of the sheet length L, which explains why, contrary to the classical prediction (equation 5) there is no relation between wavelength λ and L. Neither the wavelength (which depends only on the local step edge curvature (Fig. 2f, g) and hence can vary independently), nor the fixed bending radius R affect the effective sheet length L. Fig. 1a ), graphene undergoes significant stretching when bent, resulting in triangular ripples where the bending is confined to a narrow region of the order of the unit cell dimensions. The crests and troughs of the ripples (yellow, where the graphene bends) undergo significant stretching in the transverse direction compared to the unbent regions (turquoise). As observed in Fig. 3d and explained in the text using a phenomenological model, balance of the transverse bending and stretching energies ( and respectively) cause graphene to always bend with the same angle (θ in (b), and measured in the experiment in Fig. 3d ). The effect of the longitudinal stretching energy over the narrow bending region is negligible, as explained in the text. (b) Schematic side view of (a) showing graphene bending with a radius of curvature R. Features are not to scale. The bending region (yellow) is exaggerated for clarity resulting in a rippling angle θ at the vertex that is much smaller than our observed 163°.
In our phenomenological model we argued that the transverse in-plane stretching energy ( ) restricts the graphene from bending over a wider region while the discrete nature of the lattice stops it from bending over a narrower region. The actual size of the bending region is determined by the balance of these two competing energy scales. Note that the actual bending region can be larger than the graphene unit cell dimensions. In our model above we assume the bending shape to be a perfect circle with no bending/transverse stretching outside this region and uniform strain inside it. Furthermore, bending should be the result of individual atoms changing positions in the graphene lattice, and not bending of the unit cell in a circular shape. Also, in deriving equation 6, we have treated graphene as an effective thin uniform isotropic sheet and assumed the form of bending and stretching energies to remain unchanged from what we discussed in equation 1 for classical fabrics. In particular, the bending energy expression discussed in equation 1 requires the sheet to have a finite thickness, which is difficult to define for graphene. While our phenomenological model can provide good order of magnitude estimates, strain distribution profiles in an atomically thin discrete lattice should be different from that of a thin continuous classical sheet and more detailed theoretical calculations will be required to supplement it. In our phenomenological model, we have neglected the contribution of the longitudinal stretching energy . Next, we justify this approximation that the contribution of the longitudinal stretching energy over the narrow bending region is negligible compared to the bending and transverse stretching energies. In particular, we argue ≪ ( + )| = / , which implies that longitudinal stretching plays a minor role in determining the ultimate shape of bent graphene. A small out of plane deformation Δ, in addition to the in-plane stretching in the transverse direction, will result in small deviations of the graphene sheet from the ideal circular shape derived earlier. Analogous to the classical case derived earlier (equation 2), the contribution of the longitudinal stretching energy integrated over the bent region
We can make an order of magnitude estimation of this ratio from our experiment with ≈ 0.1 (measured in Fig. 2e ), ≈ 0.8 nm (measured directly in Supplementary sec. 5) and ≈ 20 (from Fig. 3e ). Estimates of the thickness t varies widely in literature 9 . Assuming the thickness to be the interlayer spacing of graphite 2,9 would make = 0.335
. On the other hand, ab-initio bond-orbital models 7 estimate the effective thickness to be as low as 0.08 nm. The out of plane buckling Δ as graphene is stretched is also difficult to estimate, but, as the shape at the ripple crests deviate very little from a perfect circle (supplementary sec. 5), < . Even considering the smaller thickness = 0.08 nm and ≈ as an upper bound, + = 2 2 2 2 2 = 0.008 ≪ 1, proving that the energy contribution from longitudinal stretching is indeed negligible over the narrow region over which graphene bends. Notably, Tapaszto et al. 10 observed a similar rippling angle as ours (supplementary sec. 4) even though their longitudinal strain magnitude (2%) was much smaller than ours (>10%), implying very different longitudinal stretching energy for the two studies. This adds further credence to our above analysis that the longitudinal stretching energy plays a minor role in determining the ultimate shape of the ripples.
The local strain at the ripples' crests and troughs is difficult to measure directly by atomic imaging as done in Fig. 2d , e. While the atomic lattice can be imaged at the crests and troughs, imaging a stretched region of the length of the order of the unit cell dimensions and infering accurate strain magnitudes from it is difficult. Instead, we use a phenomenological model to explain the other observations we make about the ripples, viz. non-classical relation between wavelength and sheet length, conserved rippling angle and triangular ripples. These other properties, like wavelength, sheet length and rippling angle can be measured much more accurately than the local strain , and hence lets us do a more thorough analysis of how graphene bends. Our results and model can also contribute to our understanding of other observations and predictions in the literature. As mentioned earlier, we extract similar rippling angles from published results by Tapaszto et al. 10 and Bai et al. 12 (see Supplementary sec 4 ). In addition, Zhang et al. 35 recently wrinkled graphene by growing it on a close packed lattice of SiO2 nanospheres of different diameters (20-200 nm) . From AFM images they observed that the wavelength of the wrinkles (and hence how graphene bends) in different graphene sheets is independent of the nanosphere diameter, consistent with our observations that graphene has a preferential bending configuration, and that the wavelength is independent of the sheet length. We also observed the conserved rippling angle over a multitude of step edges some of which curved significantly (as in Fig. 2f) , meaning that the rippling angle does not depend strongly on the orientation of the graphene sheet with respect to the strain direction. This supports the predictions by Min and Aluru 36 and Zhou et al. 37 that the elasticity and Poisson's ratio of graphene do not depend strongly on the chirality direction. Although we do not have a good understanding of why, contrary to classical fabrics, graphene is susceptible to stretching while bending, we note that in-plane stretching was also required to explain electronic measurements of the same system 38 .
Theoretical studies generally treat bending and stretching deformations of graphene independently 3, 7, [39] [40] [41] . Our study shows such an approach to be erroneous as bending of graphene is associated with significant stretching. Interestingly, the effect of this stretching over a narrow region is significant enough that even ripples significantly larger than unit cell dimensions (up to tens of nanometers, where one might be tempted to use a continuum approximation) differ fundamentally from classical fabrics. This observation should be considered carefully while developing strain enabled and flexible electronics. Also interesting would be the exploration whether such non-classical behavior is unique to graphene or common to other 2D materials. Our technique of terrace engineering by step bunching is expected to work for other systems with different 2D materials and metal substrates 33 , and such an investigation should be straightforward. The techniques developed in this paper to engineer and study the effects of strain at the nanoscale present a strong foundation for future work in understanding the mechanical properties of 2D materials and realizing the promise of straintronics.
LPCVD growth and Raman characterization of graphene:
In preparation for growth, a copper foil is electropolished to smooth its surface. Growth is performed in a low-pressure quartz tube furnace. A piece of electropolished copper is placed in a quartz tube and positioned in the center of a high temperature furnace and a boat containing ammonia-borane is placed in the tube upstream of the furnace and wrapped with a heating belt. Subsequently the tube is pumped down to 10 -2 Torr and flushed with 37.5 sccm H2 and 212.5 sccm Ar gas for several minutes. Afterwards the gas is left flowing and the furnace temperature is raised to 1020°C at which point the heating belt is set for 50 °C. When the heating belt reaches the set temperature 10 sccm methane is flowed through the furnace for 5 min. Afterwards the methane is shut off and the furnace cooled naturally to room temperature. Some Boron and Nitrogen dopant atoms were seen embedded in the graphene lattice. They show up clearly as bright spots with STM due to their higher density of states. None were seen in regions where the strained graphene was observed. Raman spectroscopy (Fig. S1) shows that the graphene is indeed monolayer with a characteristic 2D peak. No signature of strain was seen in the Raman spectra as the spot size of several microns was much larger than the width of the draped regions (tens of nanometers).
Figure S1
Raman spectrum shows the 2D nature of the graphene sheet 42,43 .
Possible artifacts in scanning and imaging a tilted surface
Generally, STM measurements portray a well approximated description of a sample surface down to atomic level corrugations. However, careful consideration of potential scanning artifacts is necessary for cases where the point of contact between the tip and sample can change during a scan, like when imaging regions with high slopes or large corrugations. In such cases, the finite size of the tip can create artifacts that need to be considered for proper interpretation of the data. Such a scenario indeed arises in our case when scanning the draped region, and it is imperative to address if any of our observations are consequences of scanning artifacts instead of actual topographic features. Fig. S2b , we argue that this feature is an artifact of having a tip of finite size. As the tip scans across a step edge, the point of contact between the tip and surface changes. The rounded top edge results from the tip scanning itself at the top corner. On reaching the bottom terrace, however, the point of contact between the tip and sample is abruptly changed, resulting in a sharp kink. Thus, the actual curvature of the graphene sheet at its top and bottom corners cannot be imaged by a finite sized tip. When measuring the height profile of an atomically corrugated surface using a scanned probe technique, the sample rarely lies exactly in the XY scan plane. Small tilts are usually removed using plane subtraction. However, when the tilt is large (as in our draped graphene), this typical STM analysis approach of using plane subtraction leads to artificial compression along the draping direction (it is equivalent to projection into a plane parallel to the terraces -see Fig. S3 ). Thus we instead locally rotate the coordinate system in order to properly extract all distances in the suspended material. In order to do this we begin with the global (u �, v �, w � ) coordinates of every pixel in a field of view. We identify the top and bottom edge of a draped region by looking for a sharp change in slope. At every point on the draped region we are then able to define local unit vectors ( �, �,) as follows: we define the local x-axis along lines parallel to the edges, allowing a slight tilt to match the steepest slope (that is, the ripple direction), we define the y-axis as perpendicular to this axis, connecting the two edges, and finally we filter out the ripples along the local x-axis (i.e. along one-dimensional lines parallel to the ripple edges), allowing us to define the local z-axis as perpendicular to this ripple-removed sheet, and redefine the x-axis by projecting it into this sheet. Once we have defined local coordinates everywhere in the ripple-removed sheet we assign (x, y, z) coordinate values by moving from pixel to pixel and projecting the displacements onto the local axes. This method of defining local coordinates allows us to "unwrap" the complex draped, curved and rippled sheet into an essentially rectangular band of z-values without the artificial skewing that would accompany traditional plane subtraction.
Figure S3: Plane-subtraction on a tilted surface:
When imaging the height profile of an atomically corrugated surface (atoms represented by grey spheres), the STM tip moving along the z-height and ydirection follows the red curve. Using the standard analysis technique of plane subtraction results in a profile that is artificially skewed (blue curve on the right). To extract the correct surface features we work in a local coordinate system defined on the draped region (u,v,w) instead of the (x,y,z) coordinate system of the tip. The details of transforming to the (u,v,w) coordinate system from the (x,y,z) coordinate system (in which the data is originally collected) is provided in supplementary sec. 2. The tilt and skewing is exaggerated for clarity.
Methods
All data was obtained at 80 K in a custom built ultra-high vacuum (UHV) STM system using a SPECS Tyto head with cut Pt-Ir (80%-20%) tips. Part of the analysis was done using the software Gwyddion 44 . Though similar results have been observed with multiple tips on multiple samples, for consistency and calibration, all results presented here are obtained with a single tip on the same sample. Samples were transferred to the UHV environment within 10 minutes of growth to minimize air exposure. The sample was annealed at 300° C for about 1.5 hours in UHV to evaporate any adsorbent that might have settled on the surface during the transfer process. Similar observations have been made even after multiple annealing processes.
Comparison of our results with other published results
We observe that nanoscale ripples in graphene are triangular in shape with a conserved vertex angle of 163°. These observations are not only true for the multitude of ripples we have observed with widely varying wavelengths (Fig. 3d ), but also for other studies by other groups. We consider below data from two papers which also grew rippled graphene on Cu and imaged them with STM (Fig. S4 ). The ripples in both images have a triangular shape (contrary to sinusoidal ripples seen in a classical fabric), and show that the bending of graphene is confined to a very small (sub-nanometer) region at the crests and troughs. This is similar to our results discussed in Fig. 4 . The fact that different studies on different graphene systems observed remarkably similar rippling shapes and angle as ours adds further credence to our observations. Between the studies of Tapaszto et al. 10 (Fig. S4b , with sub-nanometer ripples), Bai et al. 12 (Fig. S4a , with few-nanometer ripples) and us (with ripple wavelengths up to 50 nm), our observations hold for ripples with sizes varying two orders of magnitude. The small systematic difference in the rippling angle (156° and 155°, compared to 163° in our case) could be due to small differences in the piezo calibration. The measured height of the ripples depends crucially on the calibration of the Z-piezos, which is much difficult to calibrate than the X and Y piezos (which can be calibrated using an atomic resolution image and knowing the lattice constant).
To observe the triangular shapes and conserved rippling angle, graphene should be sufficiently decoupled form the substrate. The presence of a substrate in very close proximity (within a distance comparable to the Van der Waal radii of the atoms) to graphene can alter the ripple shapes. For example, Liu et al. 45 grew graphene on black phosphorus to create ripples by forming Moire patterns. The wavelength of the ripples then depends on the relative angle between graphene and the substrate. Lattice mismatch between the sample and substrate can also create strain profiles resulting in ripples with different shapes, as observed by Zelkovic et al. 46 , by growing thin films of SnTe on cleaved PbSe single crystals. Our observations are possible as we have ripples with amplitude (and hence distance from the substrate) of several nanometers, much larger than the atomic diameter. This is also true for Tapaszto et al. 10 as they observed rippled graphene on trenches in Cu. The same argument also holds for Zhang et al. 35 as they grew graphene on close packed nanospheres of SiO2 where no clear substrate registry is possible. Notably, the ridges we observe on the flat terraces ( Fig. 2b and c) do not have triangular shapes nor do they exhibit the conserved rippling angle. This is because the amplitude of the ridges (50-100 pm) prevent them to be sufficiently decoupled from the Van der Waals forces of the Cu substrate. Figure S4 : Graphene ripple profiles observed by (a) Bai et al. 12 and (b) Tapaszto et al. 10 also have the same features we observe. The ripples are triangular in shape, with graphene bending over a very narrow region at the crests. By estimating the periodicity (λ) and height (h) of the ripples, we calculate the rippling angle at the crests in Supplementary section 4 to find that they indeed are remarkably close to the angle observed by us in Fig. 3d .
Measuring the radius of curvature of graphene at ripple crests
Measuring an accurate value of bending radius of graphene is required to calculate the rippling angle from equation 6. As argued in our phenomenological model, transverse in-plane stretching of graphene results in an optimal bending radius at the crest of each ripple. However, equation 6 could not be used to estimate this radius as it requires estimating the thickness of graphene, value of which vary widely in literature 9 . Instead, we measure the optimal bending radius directly from our data.
To estimate the bending radius, we take high resolution images of ripples and extract line cut profiles from them (Fig. S5 ). Note that unlike the previous depiction ( Fig. 3c) , the horizontal and vertical scales in Fig. S5 are equal. The points at the crests of the ripple is fit to a circle using an optimization routine in scipy package. In particular, we use the optimization routine to fit a circle such that the sum of squared deviations of the fitting circle to the data is minimized. The fitting yields a bending radius of curvature of 0.8 nm. Similar value of radius of curvature was obtained for multiple ripples we studied.
The accurate fitting of a circle to the ripple crest adds further credence to our phenomenological model, where we assumed the ripples to have a circular shape at the crests. The accuracy of our simple model as demonstrated in the main text also auggests that our assumption that the deformation at the crests is dominated by bending and in-plane stretching at the ripple crests is valid. Any significant out of plane deformation (Δ in the discussion about longitudinal stretching energy in the main text) would have resulted in significant deviations from a perfect circle.
Figure S5:
Measuring the radius of curvature at the ripple crest by fitting a circle. The blue curve is a high resolution ripple profile. The best fit circle (black dashed line) has a radius of R = 0.8 nm. Note that unlike Fig. 3c , the horizontal and the vertical axes have the same scale here.
Note on measurement of extreme longitudinal strain
In Fig. 2e we presented the reciprocal space image of the strained graphene lattice and used it to extract the longitudinal strain magnitude. However, our phenomenological model presented later implies that the strain is not uniform everywhere. In particular, the ripple crests and troughs should have larger strain characterized by an additional transverse in-plane stretching. However, due to the triangular shape of ripples, the strain magnitude varies predominantly only around a very narrow region near the crests and troughs. Hence, our estimation of the longitudinal strain in the system (Fig. 2e) is done by by imaging the lattice in a sufficiently small region lying between the ripple crests and troughs.
